Abstract. We review several aspects of the propagation of sound in vortical flows. We restrict ourselves to isothermal, humidity-free flows at low Mach number M. Since vorticity plays a major role in vortex-flow interactions we focus on vortical flows. We consider two main canonical situations. The first concerns the transmission of sound. We analyze the evolution of acoustic wavefronts as they propagate across a single vortex. The second situation addresses the scattering of sound waves by nonstationary vortices. We study the evolution of the acoustic pressure emitted in the far field, at an angle with the initial direction of propagation. In this geometry one performs direct spectroscopy of the flow vorticity field. In each case, we review theoretical results and compare with experimental measurements and numerical simulations when available. We also briefly report how the following new acoustic techniques have recently been used to study complex or turbulent flows: time-resolved acoustic spectroscopy, speckle interferometry and Lagrangian particle tracking.
Introduction
We consider the propagation of acoustic waves of weak amplitude in low Mach number flows. In this case, the flow is unmodified by the presence of the sound waves, but the sound propagation is modified by the flow. It is a situation of theoretical interest for the understanding of wave and matter interactions, and of practical importance because waves can be used as probes for the study of media that interact with them.
Sound waves are longitudinal vibrations; their propagation in a fluid flow is influenced by the presence of velocity gradients [1, 2] . When the flow is isothermal (i.e., when the effect of temperature fluctuations can be neglected), the leading contribution to transmission and scattering effects comes from the antisymmetric part of the velocity gradients, i.e., from the vorticity of the flow. First, vortices tend to bend the direction of propagation of acoustic rays [3] [4] [5] . In addition, unsteady vortices act as sources of sound and this provides a general scattering mechanism. When a sound wave impacts a vortex, it advects it harmonically and additional sound is generated at the frequency of the incoming wave [6, 8, 9] . There is thus a strong motivation to study the interaction of a sound wave with vortex structures.
We review here experimental investigations of the effect of isolated vortices on the propagation and scattering of incident (plane) monochromatic sound waves. We begin in Sect. II with the case of a single isolated vortex. We report measurements of the evolution of the wavefronts as a function of the distance downstream of the vortex, and also at varying ratios of sound wavelength λ to vortex core size a. In this way, one accesses the transition from a simple geometrical acoustic regime (when ka a, k = 2π/λ is the wavenumber) to a scattering regime (ka ∼ 1). We then consider in Sect. III the scattering of sound by vortices in the single scattering regime using two examples. In the first one the vorticity distribution is that of a vortex array (the von Kármán vortex street) and in the second example we probe the vorticity filaments that form intermittently in fully developed turbulence. This article ends with a presentation in Sect. IV of new acoustic techniques used in the study of complex flows: time-resolved vorticity spectroscopy, speckle interferometry and Lagrangian particle tracking.
Transmission

A Theoretical background
We briefly recall the equations governing the propagation of sound in moving media. Our approach and formalism are inspired from the works of Blockintzev [3], Lighthill [6] , and Howe [7] . We consider the case of a sound wave with frequency ν 0 propagating through a vortex with characteristic vorticity ω -the geometry is schematically drawn in Fig. 1 . We assume that the vortex rotation rate is much slower than the period of sound waves (ν 0 ω) and that the Mach number of the flow is small (M ∼ 0.01 in water, to M ∼ 0.1 in gases). We further assume that the fluid flow is not disturbed by the incoming sound. Rather we concentrate on how the sound field is modified by the vortex flow. This approximation is justified by the fact that typical incident sound pressures are of the order of 1 Pa, whereas the flow pressure head ρ 0 u 2 0 is of the order of 100 Pa for most air-flows.
Wave equation
The momentum equation for the fluid motion reads:
where the null subscript refers to the undisturbed flow and the prime quantities represent the acoustic field, treated as a perturbation. To first order, one has:
which is the equation of motion of the undisturbed flow. At this stage, viscosity terms could be added since we only neglect viscous attenuation for the sound wave (attenuation of sound by molecular viscosity η only occurs at very high frequencies of the order of ρ 0 c 2 /η). Subtracting (2) from (1), and linearizing yields the equation for the sound wave: 
